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ABSTRACT 
 
 Persistent cloud cover over the Southern Ocean exerts a powerful influence on the global 
radiative balance and climate projections. Satellite-based cloud phase studies suggest these 
clouds contain supercooled liquid water and a lack of ice, which may promote their longevity 
compared to those produced in GCMs. This study uses two cumulus-sampling research flights 
from the recent summertime Southern Ocean, Clouds, Radiation, Aerosol Transport 
Experimental Study (SOCRATES) field campaign in February 2018. An analysis of the radar 
and microphysical data collected by the aircraft instrumentation show that only about one third 
of the clouds contain ice; those having large amounts of ice (over 100 per Liter) tend to have 
multiple updrafts, and also possess the necessary characteristics for secondary ice production by 
rime splintering (graupel, cloud droplets exceeding 25 µm diameter, and occurrence within the -
3 to -9 °C temperature range). High-resolution, 3D idealized numerical simulations of a cumulus 
cloud undergoing primary ice nucleation with the observed numbers of ice-nucleating aerosol 
particles fail to reproduce the observed high ice number concentrations. Only through the 
mechanism of multiple, successive thermals in the simulations, combined with the rime 
splintering process, are the high ice number concentrations able to be reproduced. Sensitivity 
studies demonstrate the sensitivity of the calculations to the number of ice-nucleating particles 
and the effectiveness of the rime splintering process. 
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CHAPTER 1: INTRODUCTION 
 
1.1 Motivation 
A correct representation of Southern Ocean clouds is essential to improve global climate 
model performance due to their impact on the regional radiative balance. Climate models tend to 
underestimate reflected shortwave radiation in this region, which can play an important role in 
the accuracy of the predictions of global climate models (Trenberth & Fasullo, 2010).  For 
example, too much incoming solar radiation over the Southern Ocean can essentially create a 
reversed Hadley cell in global simulations, creating a secondary Inter-Tropical Convergence 
Zone (Hwang & Frierson, 2013).  There is also evidence that too much incoming solar radiation 
can change the position of jets (Ceppi et al., 2012), which over the Southern Ocean, would shift 
the polar jet toward Antarctica, with possible global dynamical implications (Kay et al., 2013). 
Because the clouds in this region tend to be low in altitude, they emit longwave radiation at a 
similar temperature to the earth’s surface and therefore have little effect in that regard.  However, 
they are very effective at reflecting incoming solar (shortwave) radiation.  Climate models have 
difficulty reproducing the amount of reflected shortwave radiation for several reasons: the 
modeled clouds are too shallow, the inversion layer height is too low, and the modeled cloud 
tops are thought to have too little supercooled liquid water. The model estimates of reflected 
shortwave radiation are especially unreliable in the cold sector of cyclones (Bodas-Salcedo et al., 
2014).   
This cold-sector bias develops because cold air advection behind the cold front is over-
estimated, which at lower levels sets up a strong and low inversion within the model, as well as 
further changes in the boundary layer structure (Williams et al., 2013).  The inversion forms a 
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“cap” preventing cloud development.  If it is predicted at too low an altitude in the model, then 
clouds forming at the same lifted condensation level are restricted in depth, thus having a lower 
optical path length, and reflecting less solar radiation (Reynolds & Vonder Haar, 1973).  Much 
of the reflection of shortwave radiation happens near cloud top, slightly cooling this part of the 
cloud (Caughey et al., 1982).  The temperature difference causes internal cloud circulations as 
the colder air at cloud top sinks, and warmer air from within the cloud rises, setting up an 
overturning boundary layer structure (Lilly, 1968).  This boundary layer structure would not be 
formed without proper accounting for the greater reflection at cloud top, and indeed a warm bias 
was seen across an array of models that was especially pronounced near the inversion (Williams 
et al., 2013).  This warm bias denotes a region where underestimated reflectance prevents the 
model from accurately representing the boundary layer structure.  
Due to the vast extent of the semi-permanent stratocumulus deck over the Southern 
Ocean south of Australia, the bulk of the radiative error is likely derived from errors in the 
representation of stratocumulus clouds.  However, cumulus clouds can also be found in the cold-
sector of Southern Ocean cyclones (e.g. Huang et al., 2012), and can assert additional controls on 
radiative feedbacks.  When low cumulus is present in the model, reflectance is decreased in 
comparison to the greater, unbroken horizontal extent of the stratocumulus, exacerbating the 
warm bias (Bodas-Salcedo et al., 2012).  For this reason, cumulus clouds present an extreme case 
in which a radiative bias is present (the greatest occurring when the models produce no clouds in 
the region), which makes them important to understand and represent correctly in models.   
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1.2 Microphysical Effects on Cloud Radiative Properties 
Accurate modeling of aerosol concentrations, and their effects on cloud microphysical 
properties, are also important for representing cloud radiative effects in models.  Much of the 
uncertainty in cloud radiative forcing due to aerosols results from a lack of information on 
natural aerosol sources (Carslaw et al., 2013).  This is especially true over the ocean, where there 
are few anthropogenic aerosol sources and the many of the particles available to serve as cloud 
condensation nuclei (CCN) tend to be composed of sea salt. Charlson et al. (1987) also 
discovered that phytoplankton emissions containing dimethyl sulfide could serve as CCN, which 
they posited could increase optical thickness values by increasing the number of cloud droplets 
through the Twomey effect (Twomey, 1977).  Increased opacity, i.e., the degree to which 
radiation is absorbed and scattered, through either greater aerosol concentrations or greater cloud 
depths, exerts a strong influence on cloud reflectance of solar radiation.   
Not only cloud depth and drop number concentration affect cloud opacity and thus 
reflectance; cloud phase is also important. Supercooled liquid water at cloud top changes its 
reflective properties, and reflects more solar radiation than an ice-topped cloud (e.g. Bodas-
Salcedo et al., 2016a).  This creates additional cooling of the atmosphere, and would also 
reinforce the overturning boundary layer circulation, and therefore cloud thickness.  A negative 
feedback between warming of ice clouds and reflected radiation also exists.  More warming 
means more liquid phase clouds than ice clouds.  Liquid clouds would have larger optical depths, 
and would reflect more radiation (Bodas-Salcedo et al., 2016b; McCoy et al., 2014).  This 
radiative effect is especially important given the prevalence of liquid cloud tops over the 
Southern Ocean.   
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1.3  Field Studies in the Southern Ocean, and the Important Role of Satellite Data 
Direct observations of the Southern Ocean environment are vital to correct model 
representation, but they are complicated by the high wind speeds present over the region, which 
arise due to decreased drag resulting from a lack of land mass interaction within the zonal flow.  
High winds create wind stress on the ocean surface, which drives stronger currents 
(Gnanadesikan & Hallberg, 2000).  Historically, sailors have called this region the “Roaring 
Forties” due to its placement within the 40-50 degree latitude belt and the presence of high winds 
and towering waves.  The region continues to prove difficult to navigate by ship, especially 
during winter, when sea ice can extend further equatorward and block access to the reaches of 
the Southern Ocean closest to Antarctica.  The lack of land masses precludes ground-based 
instrumentation, and also creates a dearth of areas where aircraft can land, which limits the 
southern extent of aircraft sampling due to safety and fuel concerns.  These factors have limited 
the number and extent of field campaigns sampling the Southern Ocean south of Australia.  A 
few field campaigns, such as ACE1 (Bates et al., 1998) and SOCEX (Boers et al., 1996, Boers et 
al., 1998) have sampled this region, but were mostly focused on direct measurements of optical 
properties such as cloud opacity, instead of the underpinning cloud composition or microphysics.  
While in-situ observations of cloud composition and active microphysical processes have been 
limited in the past over this region, they are vital to the understanding of sources of climate 
model error such as cloud fraction and opacity.  
Because satellite data are readily available in this region where field campaigns are 
difficult to conduct, these data have been responsible for much of the model improvement to 
date.  For instance, satellite studies have suggested the prevalence of supercooled liquid water at 
the cloud tops (Hu et al. 2010; Huang et al. 2012).  These observations allow the modeling 
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community to constrain the model and improve parameterization of supercooled liquid water 
content by providing an estimated fraction of cloud cover that was liquid-topped.  
Satellite observations also provide important information about cloud depth and type.  Huang 
et al. (2012) found that the clouds seen from satellite retrievals were very shallow, with depths 
between 0.75 and 2.25 km, but had a greater optical depth than climate models tend to predict.  
Cloud type climatologies have also been created for the Southern Ocean based on satellite data 
(Mace, 2010; Morrison et al., 2011).  Both the models and satellite data are underreporting the 
percentage of all types of cloud cover in the sky based on observational reports (Huang et al., 
2012).  This can cause a marked effect on the reflected solar radiation, even with a small 
difference in the percentage of cloud cover.  
However, satellite monitoring has some weaknesses in the Southern Ocean region.  The 
previously discussed estimates of cloud phase, depth, and type are all based on algorithms that 
have not been extensively tested with in-situ observations.  The temperature of the clouds present 
during Austral summer tends to fall between 0 and -20°C, which makes cloud phase distinction 
impossible through direct observation with the Cloud Profiling Radar aboard CloudSat (Huang et 
al., 2012).  Instead, an algorithm relates cloud phase to the model-derived temperature. Huang et 
al. (2012) also found that cloud retrieval is uncertain in the level between the surface and 980 m 
(the first four range bins of CloudSat).  This is due to the inability of the retrieval to distinguish 
between surface and cloud reflectance when cloud temperature is close to the surface 
temperature (i.e., shallow clouds).  Ambiguity in the lowest kilometer of the boundary layer is 
problematic given the low and thin nature of Southern Ocean clouds.  In-situ measurements are 
critical to both check the reliability of the satellite-derived estimates of cloud properties, and to 
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supply the extra details (that satellite data cannot) to understand the important processes 
controlling cloud formation, phase and longevity over the Southern Ocean. 
 
1.4 Supercooled Liquid Clouds, Glaciated Clouds, and Ice Formation 
Direct observations of supercooled liquid water (SLW) within clouds are especially 
important due to the impact of SLW on cloud opacity.  Liquid layers within a cloud can increase 
the reflectance of shortwave radiation, decreasing the amount that reaches the surface.  
Observations of ice content are also vital to understand the cloud life cycle. Glaciation occurs 
when all liquid cloud particles have converted to the solid phase.  Glaciation tends to increase the 
amount of precipitation, and when this precipitation falls out, the cloud decays.  Thus glaciation 
tends to limit the cloud lifetime (e.g. Pinto, 1998).  This control on cloud lifetime is vital to 
model representation of the Southern Ocean cloud fraction;  if clouds precipitate too readily, the 
predicted cloud fraction may be too low (unless some mechanism for rapid formation of 
additional clouds is present) and the reflection of incoming solar radiation is thus 
underestimated.  
The glaciation process must begin with the presence of at least some ice within the cloud.  
The first ice is generated through primary nucleation, in which specific types of aerosol particles 
known as ice nucleating particles (INP) act to aid in ice production.  INP can nucleate ice by 
various means.  INP in an environment where water vapor is supersaturated with respect to ice 
provide a surface onto which ice can grow through vapor deposition.  INP can also be immersed 
in droplets, and may then help the droplet freeze when it becomes sufficiently supercooled. In 
regions of enhanced evaporation, droplets that contain INP may begin to evaporate, bringing the 
INP to the surface of the droplet, known as “contact freezing inside-out” (Shaw et al., 2005).  A 
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general case in which an INP outside of a supercooled drop comes into contact with its surface, 
and causes the drop to freeze, is simply known as contact freezing. Yet a final mechanism, 
condensation freezing, occurs when a nucleated supercooled liquid drop almost immediately 
freezes upon an INP particle that also contained a CCN component.   
All of the above primary ice production processes create one ice particle per INP.  INP 
can come from a variety of sources, including mineral dust (e.g. Bunker et al., 2012), bacteria 
(e.g. Yevin  & Yankofsky, 1983), and certain sea spray aerosols coated in biological particles 
(DeMott et al., 2016).  When only primary ice production is responsible for the creation of the 
ice in a cloud, ice number concentrations are limited by the number of INP present, which is 
typically far less than the number of CCN.  This is partially due to the more rigid constraints 
placed on INP in order to activate ice growth. For this reason, primary ice production is often 
insufficient to completely glaciate a cloud on its own, especially when INP concentrations are 
very low, and/or clouds are warmer than -15 °C (Blyth & Latham, 1997).   
 
1.5 Secondary Ice Production 
While primary ice production is modest for low INP concentrations such as those found 
over the Southern Ocean, additional processes may boost the total ice concentration.   Secondary 
ice production (SIP) is the creation of additional frozen hydrometeors from a single ice particle 
created by a single INP (e.g. Field et al., 2017).  These processes are hypothesized to explain 
frequently-observed ice number concentrations that are orders of magnitude higher than INP 
concentrations.  One of the most heavily studied SIP mechanisms is rime splintering, also known 
as the Hallet-Mossop process, named for the scientists responsible for its discovery in the 
laboratory (Hallet & Mossop, 1974).  The working theory is that as droplets freeze onto the 
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surface of a large frozen hydrometeor like graupel, at an air temperature in the -3 to -8 °C range, 
they freeze from the outside inward.  As the water inside the frozen outer shell begins to freeze 
and expand, it exerts pressure (Choularton et al., 1978; Mossop, 1980) and shatters the icy 
perimeter of the drop, creating a spike of ejected water that then freezes. The spike splinters, 
ejecting fragments.  Additional laboratory studies showed that both large and small liquid 
droplets were necessary in order to create the splintering effect.  Large droplets (greater than 25 
µm diameter) were required for the formation of an outer shell during the freezing process 
(Mossop and Hallet, 1974), while smaller droplets limited the spread of the larger droplets over 
the surface of the graupel (Mossop, 1978).  The rime splintering process can result in a positive 
feedback for ice number concentrations, as long as the necessary conditions are met, because the 
ejected splinters can grow (first by deposition but then by riming) into new graupel particles, 
providing additional sites for rime splintering.  Mossop (1976) showed that the production rate of 
splinters was approximately one splinter per every 250 drops accreted that were greater than 24 
µm diameter.   
Mossop began investigating the rime splintering process after noticing ice concentrations 
that were roughly 4 orders of magnitude higher than the concentration of ice nucleating particles 
in field studies conducted off the coast of Tasmania.  The study found that roughly half of 
cumulus clouds sampled in the -5 to -10 °C range contained ice, and that wider clouds (between 
4 and 10 km) had a greater probability of containing ice, although no correlation was found with 
cloud depth.  Ice concentrations ranged between 1 and 100 L-1, while INP concentrations were 
roughly 10-2 L-1 for the same temperature range (Mossop et al., 1970).  Similar periods of high 
concentrations of small columnar crystals coincident with rimed particles and high amounts of 
supercooled liquid water between -3 and -8 °C have been documented around the world (e.g. 
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Ono, 1972; Hobbs, 1974; Hallet et al., 1978; Vali et al., 1982).  The rime splintering process has 
seen widespread use in the literature to explain instances where the ice concentration exceeds 
expectations based on the number of INP (e.g. Field et al., 2017).   
Mossop et al. (1970)’s conclusion that wider clouds were more likely to contain ice is 
supported by a more recent study implicating the importance of multiple thermals.  The Ice in 
Cumulus – Tropical (ICE-T) field campaign noted enhanced ice concentrations within cumuli 
with widths over 3 kilometers, including number concentrations over 100 L-1 within clouds that 
were part of a multithermal complex (Lasher-Trapp et al., 2016). When multiple thermals are 
present within a cloud, they can act to loft particles falling from the edge of one updraft into the 
next updraft, leading to hydrometeor recycling.  Hydrometeor recycling increases the particle 
time in cloud, and can allow the ice created in an initial updraft to grow into graupel within the 
next updraft, providing the conditions for rime splintering, although the effectiveness of this 
method is highly dependent on the timing of updraft pulses in relation to each other (Blyth & 
Latham, 1997).   
Despite its prevalence in the literature, rime splintering does not explain high ice 
concentrations in all clouds.  Its occurrence is dependent on a strict set of environmental 
requirements that are not realized in all environments that show evidence of ice multiplication.  
In regions where the conditions for rime splintering are not met, other SIP mechanisms may be 
active, such as the shattering of large freezing drops that is thought to be prevalent at lower 
temperatures.  As with rime splintering, shattering of freezing drops is dependent upon the 
formation of a shell around a liquid center, but freezing occurs through contact with the air 
during freefall instead of due to contact with a graupel particle. As a result, this process tends to 
occur at temperatures less than -15 °C (Takahashi & Yamashita, 1970; Pruppacher & Schlamp, 
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1975; Korolev et al., 2004; Lawson et al., 2015). Evidence for this process has been found by 
Knight & Knight (1974), in which hail cores were dissected to analyze their embryos.  They 
found that some of the hail cores were formed around frozen drop fragments. Results from the 
recent ICE-T project (Lawson et al., 2015) found large ice number concentrations in the upper 
regions of the clouds at temperatures below -20 °C, which was attributed to frozen raindrops 
based on particle images.  This process is thought to create only a couple of fragments per 
shattered particle (Bader et al., 1974), although the exact number is still under debate, and 
potentially has less of a positive feedback compared to rime splintering.   
Other secondary ice processes may also create limited amounts of additional ice, such as 
the fragmentation of frozen hydrometeors on collision (Hobbs & Farber, 1972; Yano & Phillips, 
2011) or the fragmentation of aggregates due to sublimation of delicate connecting branches 
(Oraltay & Hallett, 1989).  Fragmentation seems to be most active around -15 °C, in the 
temperature range most conducive to dendritic growth, with some additional fragmentation at -5 
°C at the tips of needle crystals (Hobbs & Farber, 1972).  Vardiman (1972) found that 
approximately four orders of magnitude more crystals were created through fragmentation than 
through primary nucleation at -15 °C.   
In some cases, ice concentrations much higher than the concentration of INPs have fully 
developed within only 10-15 minutes (Hobbs & Rangno, 1990).  However, these measurements 
were made in clouds that had been resampled by the same aircraft, so aircraft produced ice 
particles (APIPS) are likely to have inflated measured ice number concentrations. APIPS are a 
concern in many of the studies conducted during the 1970s and 1980s, which often resampled the 
same clouds and did not have anti-shattering tips on their probes.  Modern studies typically try to 
avoid resampling cloud in regions that may have been sampled during a previous aircraft pass, 
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but shattering of ice on the probes in a single cloud pass can still be problematic.  In order to 
reduce the number of ice particles resulting from particle collisions with instrumentation, special 
probe tips can be added that reduce particle shattering (Korolev et al., 2011).  Further corrections 
are implemented through the use of post-processing algorithms such as UIOOPS (Jackson et al., 
2014).  These codes often use particle inter-arrival times to identify which particles might be 
resulting from shattering, under the assumption that they will arrive in clusters within the 
viewing window and thus have shorter separation times between their detection.  A cutoff is used 
to separate and exclude these particles from the longer inter-arrival times of actual particles.   
 
1.6 Open Questions 
 While the impact of supercooled liquid water on radiative balance is well understood, the 
activity of processes that control supercooled liquid water availability in shallow Southern Ocean 
cumulus clouds is not.  More quantitative in situ data in these clouds are needed to determine the 
prevalence of supercooled clouds versus those that contain significant amounts of ice, and the 
conditions favoring both cases.  When the clouds do contain higher number concentrations of 
ice, the principle formation mechanism(s) need to be determined, particularly the importance of 
primary nucleation from measured INP versus rime splintering.  Data analysis utilizing anti-
shattering probe tips and processing algorithms that remove shattering artifacts is essential.  
Conditions specific to the clouds that may enhance rime splintering are also of interest, including 
the role of multiple thermals in the cloud.  Because the 3D dynamics and cloud evolution cannot 
be thoroughly captured with observations, numerical modeling is necessary to provide possible 
dynamical structures that can help interpret the observations.   
  
12 
 
1.7 Goals of This Study 
 Given the importance of Southern Ocean cumuli in modulating the radiation balance over 
the Southern Ocean and its effects on global climate, the open questions discussed previously 
must be addressed.  The goals of this study with respect to Southern Ocean cumuli are thus to : 
(i) quantify the prevalence of supercooled liquid water in these clouds; 
(ii) quantify ice number concentrations in these clouds, and compare to measured ice 
nucleating particles in the local environment to establish the importance of secondary 
nucleation processes; 
(iii) determine if rime splintering is likely active in these clouds, if this mechanism can 
possibly explain any high number concentrations of ice observed, and if so under 
what conditions. 
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CHAPTER 2: THE SOCRATES FIELD CAMPAIGN 
 
2.1 The Motivation for SOCRATES 
The intent of the Southern Ocean Clouds, Radiation, Aerosol Transport Experimental 
Study (SOCRATES) conducted in January through February of 2018 and based out of Hobart, 
Tasmania was to determine the effects of aerosol chemistry and cloud microphysics on Southern 
Ocean clouds, in order to better understand their impact on reflected shortwave radiation.  The 
aerosol chemistry portion of the project focused on primary and secondary aerosols that could act 
as CCN or INPs and their effect on microphysical processes that could change cloud radiative 
properties.   Direct observations were used to verify the accuracy of satellite retrieval products 
and existing model simulations.  Observations would also contribute to the generation of models 
that simulate Southern Ocean cloud properties and processes at scales ranging from individual 
clouds to large scale climate impacts.   
In order to model Southern Ocean clouds accurately, climate scientists must understand 
why the stratocumulus and cumulus cloud cover seen in satellite studies (e.g. Huang, 2012) is so 
pervasive throughout the Southern Ocean. This could be due to either cloud longevity or a high 
rate of propagation, and the effects of either of these processes on the overall cloud field could 
respond very differently to future climate change.  If these clouds are persisting because they 
contain little ice and do not glaciate, then warming may have less of an effect.  The persistence 
of supercooled water is especially important to understand given its importance to shortwave 
reflectance.  The main question addressed by this study is how supercooled liquid water persists 
despite the presence of potentially cloud-glaciating secondary ice processes (Huang et al., 2017).  
In a typical cloud with both supercooled liquid water and secondary ice processes such as rime 
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splintering, ice formation would be favored and the cloud would glaciate, precipitate, and then 
decay.  Glaciation would deplete supercooled liquid water, decreasing cloud reflectance (Bodas-
Salcedo et al., 2016a).  This would directly oppose the hypothesis that Southern Ocean clouds 
are simply very long-lived.  Both scenarios provide a valid means for enhanced cloudiness, 
which is vital to accurate modeling of the Southern Ocean.   
 
2.2 SOCRATES Project Design 
SOCRATES was designed to sample both stratocumulus and cumulus cloud cover in the 
cold sector of summertime extratropical cyclones in the region south of Tasmania (Figure 1).  
Different flight plans were created for collecting in-situ data upon these different cloud types.  A 
repeatable series of constant-altitude flight legs above, within, and below cloud, as well as 
“sawtooth flight patterns” upward and downward through the cloud layer were developed for 
stratocumulus flights. Because of the very different nature of the depth and spacing between 
cumuli within the same cloud field, the strategy was to perform targeted sampling of different, 
developing clouds at constant altitude legs between their bases and tops as they ascended up to 
the flight altitude, with some constant altitude flight legs also conducted above the cloud tops 
and below the cloud bases to sample local aerosol. The sampling area was much smaller in 
horizontal extent than for the stratocumulus flight plan, so that the aircraft was often turning to 
target clouds over a much more localized area.  Multiple passes through the same cloud were 
avoided to prevent the formation of aircraft-produced ice particles (APIPS; Rangno & Hobbs, 
1982). The cloud sampling legs were also designed to be located within (and when possible, also 
above) the rime splintering temperature zone (~ -3 to -9 °C). The research aircraft used for the 
project was the NSF Gulfstream V, which was chosen for its ability to conduct long flights in a 
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remote area where refueling away from the takeoff site is virtually impossible.  The aircraft was 
outfitted with a variety of well-tested instruments, as well as some newer instruments, and a 
cloud radar and lidar (discussed later in Section 2.3).     
 
 Figure 1. Area of interest for the SOCRATES campaign.  Positions of sampling platforms 
are noted.  The “North-South Curtain” depicts an idealized track for stratocumulus sampling.   
 
Hobart has a port used by the Commonwealth Scientific and Industrial Research 
Organization (CSIRO) for research vessels, which allowed collaboration between Australian and 
American atmospheric research institutions, and use of the research vessel RSS Investigator.  
The co-location of both harbor and airport spaces made Hobart ideal for the SOCRATES 
mission.  Hobart, Tasmania was also chosen as the base of operations due to its proximity to an 
airfield. Unfortunately, that airport did not have a hangar for the Gulfstream V, so the project had 
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to be delayed on several occasions when the aircraft was evacuated to a different airport further 
north due to high winds or the risk of hail.  
 
2.3. SOCRATES measurements used in this study 
In total, the SOCRATES campaign collected data over 15 research flights and 165 flight 
hours. Two of the fifteen research flights were designated for small cumulus sampling.  The most 
important limitation to data analysis is the small number of cloud passes flown through cumulus 
clouds during the campaign.  Analysis of the data from these two flights, focused upon the cloud 
phase and the number of ice particles sampled, is now presented.   
 
2.3.1 2DC and 2DS 
The Particle Measuring Systems (PMS) Two-Dimensional Optical Array Cloud (2DC) 
Probe (Knollenberg, 1981) is used to find size distributions and concentrations of larger ice 
particles from 150-1600 µm. The shadow of a particle as it passes through a laser is cast upon a 
linear 64-element photodiode array with a 25-µm resolution.  Particles under 125 µm are subject 
to uncertainty in the depth of field, which is used to determine the sample volume, and thus are 
not used here (Baumgardner & Korolev, 1997).  Anti-shattering tips (Korolev et al., 2011) have 
been installed on this probe, but this alone does not capture all possible shattering artifacts 
(Jackson, 2015).   
A University of Illinois algorithm (Jackson et al., 2014) is used not only to eliminate 
remaining possible shattering artifacts, but also to discern particle phase. If the ratio of the area 
of the particle to the length multiplied with the width is less than 0.25, the particle is rejected for 
likely containing shattering fragments based on Korolev & Isaac (2005).  Particles can also be 
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rejected for having a short inter-arrival time.  The shattered particle inter-arrival time algorithm 
from Field et al. (2006) is used to determine the peak inter-arrival times for both naturally 
occurring and shattered particles by finding the bimodal distribution that best fits a 100,000 
particle sample.  Particles with inter-arrival times less than the inter-arrival time corresponding to 
the minimum frequency of the bimodal distribution (between the natural and shattered particle 
peak inter-arrival time frequencies) are removed. The habit of the remaining particles is 
determined based on Holroyd (1987).  If the habit is spherical, the particle is classified as liquid.   
 
2.3.2 PHIPS 
The Particle Habit Imager and Polar Nephelometer (PHIPS; Abdelmonem et al., 2016) is 
used to both image particles and determine their scattering functions; the latter is particularly 
useful to determine the particle phase.  Two images with a resolution of 2.5 µm are taken at 120° 
apart, enabling the determination of orientation.  A polar nephelometer measures the scattering 
function over a range of 1 to 170°. By requiring a peak in the scattering near the angle of 
rainbow refraction, which is around 140°, and a dip in the scattering function at lower angles, 
liquid particles can be identified (Schnaiter et al., 2018).  The ice scattering function tends to 
decrease steadily as the angle increases, although some particles may diverge slightly from this 
tendency based on differences in crystal habit. This method does not suffer from the limitations 
of the 2DC particle phase determination, in which small particles can appear rounder than they 
really are due to limited probe resolution.  Because of its use of scattering functions, accuracy of 
particle phase determination by the PHIPS probe could potentially be improved in comparison to 
methods that only use particle roundness to determine phase.  
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2.3.3 CDP 
The Cloud Droplet Probe (CDP; Lance et al., 2010) is used to determine the size 
distribution of particles within the cloud droplet range from 2 to 50 µm diameter.  It is the 
Droplet Measurement Technologies, Inc. replacement for the similar FSSP sensor used in many 
previous campaigns.  The maximum sampling rate is 25 Hz.  The instrument works by emitting a 
beam of light at a wavelength of 658 nanometers from a laser diode, and then measuring the 
scattering of the light to obtain particle sizes and counts over 30 size bins.  The average sampling 
area is 0.24 mm2.  It is outfitted with anti-shattering tips to reduce shattering when sampling ice 
particles. For this study, the CDP is used to find cloud droplet concentrations during periods 
when supercooled liquid water is present.   
 
2.3.4 Thermodynamic and Dynamical Measurements  
A radome gust probe was used to measure wind speed.  Wind speed was calculated based 
on the angle of attack, which was determined under the assumption that the average vertical wind 
is zero. Because of the method of calculation, wind data are not reliable during ascent or descent. 
Temperature measurements were available from a selection of probes mounted on the 
Gulfstream V, but this project used values from a de-iced ambient temperature sensor.  This 
sensor was less sensitive to occasional periods of icing, and was also less subject to 
evaporational cooling, especially during cloud passes with high liquid water content or large 
drop sizes.  Vertical profiles of temperature, humidity, pressure, wind speed, and wind direction 
were taken with the Airborne Vertical Atmospheric Profiling System (AVAPS; Hock & 
Franklin, 1999; Halverson et al., 2006) dropsondes.  AVAPS dropsondes are remotely triggered 
to release from a specialized chute that opens outside the aircraft.  The instrumentation is housed 
19 
 
in a tube and collects atmospheric information as it falls to the ocean surface. A parachute 
deploys soon after release in order to stabilize the dropsonde as it falls and increase the time 
spent in air (and thus the resolution of the data).  Wind data are constructed based on a GPS 
receiver, and all variables are transmitted back to the plane via radio. The pressure resolution is 
0.1 hPa, the temperature resolution is 0.1°C, and winds are accurate to 0.1 m s-1.  Humidity 
measurements are accurate to 1%.  Dropsondes were released at the start and end of cumulus 
sampling to monitor changes in the cumulus field environment.  
  
2.3.5 Rosemount Icing Detector 
The Rosemount Icing Detector (Baumgardner & Rodi, 1989) reveals when the plane 
passed through supercooled liquid water.  The instrument consists of a probe tip with a quarter 
inch diameter surrounded by a two-inch diameter elliptical airfoil at its base.  The total 
instrument length protruding away from the aircraft is approximately 15 cm.  It operates by 
providing a surface onto which supercooled liquid water can freeze, while ice crystals simply 
bounce off.  Once a critical mass has accreted onto the sensor, an electrical current is passed 
through the probe to heat it and melt the ice. The amount of power needed to melt the ice is 
converted to the amount of supercooled liquid water present.  The estimated minimum liquid 
water content that can be sampled is 0.01 g kg-1.  The maximum occurs at the Ludlam limit, 
which occurs when the latent heat release from melting is greater than the amount of heat needed 
to melt the ice buildup.  During the de-icing cycle, the probe is unable to take a measurement.  If 
supercooled water is present in high amounts, the instrument may not be able to reset an accurate 
baseline for the next cycle, and so the number of measurements may decrease over that time 
period.  However, this study only uses the RICE probe to qualitatively determine when 
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supercooled liquid water is present, and does not rely on the probe for a quantitative measure of 
supercooled liquid water content.  
  
2.3.6 HIAPER Cloud Radar 
Dual-polarization radar is a vital meteorological observation for any field campaign 
because of its usefulness in documenting the cloud structure: cloud edges, precipitation core 
placement, updraft and downdraft placement, and possible locations of supercooled water. 
SOCRATES utilized the NCAR High-performance Instrumented Airborne Platform for 
Environmental Research (HIAPER) Cloud Radar with a W band, millimeter-wavelength beam 
with linear polarization and a 0.68 degree beamwidth (Vivekanandan et al., 2015).  The single 
antenna is lens-shaped, 0.3 meters in diameter, and resides in one of the pods below the wing of 
the aircraft. The transmission frequency is 94.4 GHz, which is amplified to a peak power level of 
1.6 kW. The resolution of the data is 30 to 50 m for the altitudes used during the cumulus 
sampling.  The unambiguous velocity did not present a challenge during cumulus flights since its 
value was 7.75 m s-1, which was higher than any of the updraft or downdraft speeds observed 
during cumulus cloud passes. Due to the short wavelength of the beam, attenuation can be 
expected in even moderately heavy precipitation.  However, the wavelength is suitable for this 
project, where the majority of flights sampled thin non-precipitating cloud layers. The cumulus 
flights posed unique challenges to radar data collection, however. In addition to excessive 
attenuation, the inability to see both above and below the aircraft limited the ability to identify 
cloud top and cloud base.  Radial velocities also include a component of downward velocity that 
is due to the fallspeed of any precipitation particles sampled, and does not reflect the true vertical 
wind speed. This can lead to a downward bias in the updraft speeds and an artificially enhanced 
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downdraft speed.  For these reasons, vertical velocities are compared with the aircraft velocity 
measurements.   
 
2.3.7 Ice Nucleating Particle (INP) Measurements 
 INP measurements are taken using filter samples through a process detailed in 
McCluskey et al. (2014) and Hill et al. (2014).  Filters are taken back to the laboratory to be 
rinsed using deionized water, and then the rinse is separated into different samples, each of 
which is placed in its own well and exposed to varying temperatures, to determine the 
distribution of activated INP.  For the cumulus flights, concentrations of INP are available 
between -14° and -27°C.  Because the data do not extend to higher temperatures where the 
clouds were sampled, reported INP concentrations are likely higher than the number of actual 
activated INP in the sampled clouds.  Linear fitting of the data yields a concentration of INP for 
the temperature range sampled during cumulus research flights that is several orders of 
magnitude lower than reported at the -14°C cutoff.  
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CHAPTER 3: ANALYSIS OF SOCRATES CUMULUS FLIGHT DATA 
 
3.1 Methods of Analysis 
3.1.1 Quality Control of Field Data 
In total, the SOCRATES campaign collected data over 15 research flights and 165 flight 
hours. This study uses data from research flights 11 and 15, the two cumulus flights.  Besides 
momentary radar outages, no instrument failures were reported for the data used here.  After data 
were collected, the instrument teams responsible for their collection worked to quality control 
and process the data for use by other scientists.   
The Particle Habit Imaging and Polar Scattering (PHIPS) probe data were checked for 
evidence of shattering, and used to determine the phase of the particles sampled. PHIPS probe 
data were checked for shattering based on the method of Field et al. (2006). If the particle inter-
arrival time is short, there is a greater chance that this resulted from groups of small particles 
created when a particle shattered on the probe.  No periods of possibe shattering were found in 
research flight 11, but a couple of periods were removed from research flight 15 (list times here), 
and thus do not appear in this analysis.  The PHIPS team also used their scattering algorithm 
over each view angle to determine particle phase.  For an ice particle, there is a peak in scattering 
near the rainbow angle at 140° and a dip in scattering lower in the spectrum.  By looking for 
these characteristics in the scattering function, particles were identified as ice or liquid and 
provided to users in tabular form.  
The 2DC probe was also checked for shattering using inter-arrival times in a similar 
manner to that described above, and then data were categorized into one of the following types: 
spherical, linear, oriented, tiny, hexagonal, irregular, graupel, dendrite, or aggregate, based on 
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the algorithm of Holroyd (1987).  Spherical particles are assumed to be liquid and all other types 
are assumed to be ice.  
For the PHIPS and 2DC data, one-second concentrations were averaged over 10 second 
intervals in order to provide robust statistics.  The 10-second interval used to define the cloud 
was identified based on the period of highest reflectivity within a cloud where the cloud was 
defined as an unbroken area of radar return.  This often skews the sample toward regions of 
precipitation.  If the cloud pass was contained within a time interval less than 10 seconds, then an 
average was calculated just over the time of the cloud pass.  
 
3.1.2 Criteria for Rime Splintering Cases 
 Because rime splintering cannot be directly witnessed in the observational data, criteria 
were set for various degrees of likelihood where it might have been occurring at the time of 
sampling, for passes occurring in the -3 to -9 °C temperature zone.  “Positive cases” of rime 
splintering further required the presence of cloud droplets over 25 microns in diameter, small ice 
particles in concentrations greater than 10 per Liter, and the presence of graupel.  Graupel was 
identified manually based on 2DC and PHIPS images, and was defined as any non-spherical 
particle where the original crystal habit was indistinguishable due to the buildup of rime.  Small 
ice particles were defined as particles less than 50 microns as identified in the PHIPS data.  The 
number concentration from the CDP for cloud droplet sizes greater than 25 microns was used in 
combination with the RICE probe, which indicated if supercooled liquid drops were present.  
Only if all of these conditions were met would a cloud pass be categorized as “positive” for rime 
splintering.  Other cases had many conditions present but not all of them, so these cases were 
labeled “marginal”, especially when the missing condition was graupel that could have easily 
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been missed during sample collection.  Cases sampled in the rime splintering temperature zone 
that lacked all critera were labeled as “negative”. 
 
3.1.3 Limitations of This Analysis 
The particle sampling probes had various limitations based on their sampled size ranges 
and sampling frequency.  The PHIPS probe could sample particles from 20 to 700 microns but 
no larger, while  the 2DC could sample particles from 500 to 2000 microns, but not smaller 
particles.  Toward the smaller end of the 2DC size range and the larger end of the PHIPS size 
range (500-700 microns) discrepancies may be seen between the two measures for ice number 
concentrations because the smaller particles in the 2DC only take up a few pixels of an image, 
which means that shape determination can be very difficult. Thus smaller ice particles in the 
2DC images may be incorrectly classified as liquid if their dimensions are roughly equal in the 
zonal and meridional directions.   
The RICE probe is used to identify periods where super-cooled liquid water is present, 
but there is a minimum volume of water that must attach to the probe before it can begin to 
measure any change in current. Thus, periods of very small amounts of supercooled liquid water 
could be missed by the probe and therefore in this analysis.  Diagnosing supercooled liquid water 
presence is also essential to the Cloud Droplet Probe (CDP) because the droplet concentrations 
determined from that probe may also include small ice particles.  Without the RICE to identify 
periods of supercooled liquid water, the CDP could not be relied upon to provide accurate counts 
of liquid cloud droplets, and in cases of mixed composition the concentrations may still be 
overestimated. 
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Given the limitations discussed above, every effort was made to ensure that the findings 
of the observational analysis were robust.  Because the goal of the study is to create a model of 
the microphysical processes enabling cloud maintenance over the Southern Ocean and not a 
climatology of Southern Ocean cold-sector clouds, the analysis accomplishes its goal of 
providing observations that can provide physical evidence of the state of the clouds that can be 
further studied with the numerical simulations.   
 
3.2 Overview of Cumulus Flights 
3.2.1 Research Flight 11, February 17th, 2018 
Research flight 11 sampled cumuli developing in the environment represented by the 
skew-T in Figure 2.  Data in Figure 2 comes from a dropsonde released at the start of cumulus 
sampling at 03Z on the 17th of February.  The expected Lifted Condensation Level for a parcel 
raised within this environment was approximately 900 hPa, with the level of free convection 
ending around 700 hPa.  The area covered by sampling is shown in Figure 3, which shows the 
flight path and dropsonde locations overlaid onto a satellite image from the end of the flight.  
The flight path diverts from its linear northerly course as it approaches the targeted sampling 
area.  A lack of satellite communications during flight 11 limited the ability of the researchers at 
the operations center to aid the flight crew in targeting the best cumulus turrets; clouds were 
selected for sampling by the flight scientist who was stationed in the cockpit at this time.  These 
cloud passes actually made up the bulk of cases for this study. The temperatures at which the 
cloud passes occurred are arranged in Figure 4 based on whether or not the cloud pass showed 
signs of rime splintering after analysis.  Temperature restricts the occurrence of the rime 
splintering process, as it can only occur within the temperature range of -3 to -8, based on 
26 
 
laboratory measurements (Hallet & Mossop, 1974). Based on the flight scientist notes and radar, 
flight 11 sampled relatively taller cumulus clouds that were able to reach lower temperatures at 
cloud top, compared to the other cumulus flight.  Graupel was identified in many of the passes 
(Figure 5), which contributed to marginal and positive identifications of rime splintering (Figure 
4).   
 
 
 
Figure 2.  Dropsonde-based atmospheric profile for 03:02:58Z on February 17th, 2018 
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Figure 3.  Flight path for research flight 11 with dropsonde locations (green dots) and 
Himawari visible satellite data 
 
Figure 4.  Temperatures sampled during research flight 11, organized by rime splintering 
occurrence (positive means rime splintering occurred, marginal means only one or two 
conditions were missing, and negative means conditions were not met).  
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Figure 5. Temperatures sampled in flight 11 with graupel present 
 
The 15-minute radar summary in Figure 6 shows a variety of cloud types sampled, 
including clouds with multiple updraft regions near the start of the period, a relatively isolated 
cloud for flight 11 between 03:37:50 and 03:38:30Z, and a cloud with a strong precipitation core 
(3:41 to 3:43Z).  PHIPS images (Figure 7) show the presence of both supercooled liquid and ice.  
An additional summary of the sampling period from 3:15 to 3:40Z is presented in Figure 8.   
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Figure 6.  15-minute radar summary of a flight leg from research flight 11.  Reflectivity, 
radial velocity, linear depolarization ratio, and spectral width appear in order from the top to 
the bottom of the figure.   
 
Figure 7.  PHIPS images from 03:31 to 03:33Z on February 17th, 2018 showing liquid 
and ice precipitation. Scale bar represents 100 microns.   
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Figure 8.  Cloud pass summary for 03:15 to 03:40Z on the 17th 
 
3.2.2 Research Flight 15, February 24th, 2018 
Research flight 15 sampled more weakly developed cumuli that formed within the 
environment represented in the Figure 9 skew-T, which was created from dropsonde data 
collected at the start of sampling at 04Z on the 24th.  The flight path is shown in Figure 10, which 
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provides an overlay of the path and dropsonde locations on a satellite image taken at the end of 
the flight. Warmer temperatures were sampled than in research flight 11 (Figure 11).  In contrast 
to flight 11, the flight 15 samples were warmer, which was likely due to their reduced vertical 
development relative to flight 11 cumuli. This had a marked effect on the likelihood that graupel 
would be sampled. Flight 15 sampled only one case with graupel present (Figure 12), and had no 
cloud passes that met all of the criteria for rime splintering.  In contrast, flight 11 has many cases 
that are either positive for rime splintering or show marginal conditions for its occurrence.  
Figure 13 shows typical radar data for the flight for the 1-minute intervals following 5:05, 
5:10, and 5:12.  Development within these clouds was limited with the exception of the cloud 
pass that starts at 5:07:50.  Images from the PHIPS probe in Figure 14 during the 5:07:50 cloud 
pass show the presence of ice.  An additional summary of the period between 5:04 and 5:22Z is 
presented graphically in Figure 15.   
 
Figure 9.  Dropsonde-based atmospheric profile for 04:04:28Z on February 24th, 2018 
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Figure 10.  Flight path for research flight 15 with dropsonde locations (green dots) and 
Himawari visible satellite data 
 
Figure 11.  Temperatures sampled during research flight 15, organized by rime 
splintering occurrence (positive means rime splintering occurred, marginal means only one or 
two conditions were missing, and negative means conditions were not met).  
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Figure 12.  Temperatures sampled in flight 15 with graupel present 
 
 
Figure 13.  15-minute radar summary of a flight leg from research flight 15.  Reflectivity, 
radial velocity, linear depolarization ratio, and spectral width appear in order from the top to 
the bottom of the figure.   
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Figure 14.  PHIPS images from 05:07 to 05:08Z on February 24th, 2018 showing some of 
the limited ice precipitation imaged during the flight.  Scale bar represents 100 microns.   
 
Figure 15.  Cloud pass summary for 05:04 to 05:22Z on the 24th 
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3.3 Analysis Results 
3.3.1 Overview 
 Statistical analysis computed from various data collected during the research flights 
assists in understanding the general features of the clouds before delving into the details of the 
rime splintering analysis process.  Tables 1-3 summarize the data for positive,  marginal, and 
negative rime splintering cloud passes, respectively. The starting time of each cloud pass sample 
is listed in the first column of each table, with the flight number and the sampling temperature in 
the following two columns.  Average number concentrations for the different probes as labeled 
are given in the next five columns. The “Graupel” column refers to whether or not manual 
inspection of the PHIPS or 2DC images included graupel.  The “RICE” column refers to whether 
or not the RICE probe recorded a change in voltage during the cloud pass, which would suggest 
the presence of supercooled liquid water.  Similarly, a “yes” in the column labeled “Multiple 
Updrafts” denotes the presence of more than one updraft based on the radar radial velocity 
values and the All-Weather Wind Gust Pod measurements aboard the aircraft. In cases where 
precipitation fall speeds made radial velocities look more uniform than in the actual wind field, 
the gust pod measurements are used to check for hidden areas of updraft.  Maximum updraft 
speeds are also derived from the gust pod data, and are given in the last column of each table.    
9 out of 33 total cloud passes were positive for rime splintering, with an additional 7 
passes showing some signs that rime splintering might have been active.  All of the positive 
cases occurred during research flight 11, as well as many of the marginal cases.  A more 
detailed investigation of elements that influence rime splintering occurrence is given below.  
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Time Flight 
Temperature 
(C) 
PHIPS D<50 
Microns Ice 
Concentration 
(L-1) 
CDP D>25 
Microns Drop 
Concentration 
(cm-3/micron) 
PHIPS Ice 
Concentration 
(L-1) 
2DC Total Ice 
Concentration 
(L-1) 
2DC Drop 
Concentration 
(L-1) Graupel RICE 
Multiple 
Updrafts 
Maximum 
Updraft 
During Cloud 
Pass 
4:32:30- 
4:32:40 11.00 -7.75 44.288 32 196.384 21.667 4.645 yes yes yes 1.96 
4:25:30- 
4:25:40 11.00 -3.5 21.984 16 72.518 2.541 0.455 yes yes yes 1.3 
4:24:50- 
4:25:00 11.00 -3.5 24.657 20 89.435 9.433 1.552 yes yes yes 2.73 
4:21:20- 
4:21:30 11.00 -3.75 17.46 28 79.806 8.6985 1.397 yes yes yes 1.53 
4:14:00- 
4:14:10 11.00 -3.5 21.667 47 45.199 2.899 0.372 yes yes yes 2.6 
4:11:50- 
4:12:00 11.00 -3.5 2.682 11 108.606 12.564 1.066 yes yes yes 1.94 
3:32:40- 
3:32:50 11.00 -8.25 47.28 14 181.137 18.661 3.121 yes yes yes 2.86 
3:32:10- 
3:32:20 11.00 -9 16.88 37 44.323 1.472 0.572 yes yes yes 2.51 
3:30:30- 
3:30:40 11.00 -9 25.152 29 58.637 4.698 0.925 yes yes yes 1.59 
 
Table 1.  Cloud passes labeled positive for rime splintering.  “Time” denotes the start of the 10-second sample used to 
evaluate each pass for rime splintering.  
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Time Flight 
Temperature 
(C) 
PHIPS D<50 
Microns Ice 
Concentration 
(L-1) 
CDP D>25 
Microns Drop 
Concentration 
(cm-3/micron) 
PHIPS Ice 
Concentration 
(L-1) 
2DC Total Ice 
Concentration 
(L-1) 
2DC Drop 
Concentration 
(L-1) Graupel RICE 
Multiple 
Updrafts 
Maximum 
Updraft 
During 
Cloud Pass 
5:07:50- 
5:08:00 15 -4.5 25.43 9 36.814 2.569 0.321 yes yes yes 0.62 
4:32:50- 
4:33:00 11 -7.75 32.765 0.3 48.276 6 2.011 yes yes yes 0.63 
4:26:30- 
4:26:40 11 -3.5 8.732 19 47.49 0.447 0.141 yes yes yes 1.3 
4:16:10- 
4:16:20 11 -3.5 21.774 0.3 89.716 3.609 0.397 yes yes yes 0.18 
4:15:10- 
4:15:20 11 -3.5 0 5 16.934 0.658 0.065 yes yes yes 0.5 
4:14:30- 
4:14:40 11 -3.5 14.758 0 22.214 0.556 0.117 yes yes yes 0.2 
4:03:40- 
4:03:50 11 -4.5 0 54 0 0.093 0.166 no yes yes 3.26 
 
 Table 2. Cloud Passes labeled marginal for rime splintering.  
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Time Flight 
Temperature 
(C) 
PHIPS D<50 
Microns Ice 
Concentration 
(L-1) 
CDP D>25 
Microns Drop 
Concentration 
(cm-3/micron) 
PHIPS Ice 
Concentration 
(L-1) 
2DC Total Ice 
Concentration 
(L-1) 
2DC Drop 
Concentration 
(L-1) Graupel RICE 
Multiple 
Updrafts 
Maximum 
Updraft 
During 
Cloud Pass 
3:22:10- 
3:22:20 11 -6.5 0 72 0 0.544 0.683 yes yes no 4.06 
3:31:20- 
3:31:30 11 -9 0 27 0 0.938 1.72 yes yes yes 1 
3:38:10- 
3:38:20 11 -7.25 0 83 0 0.038 0.077 no yes no 1.39 
4:02:40- 
4:02:50 11 -3.5 0 77 0 0.062 0.179 yes yes yes 1.15 
4:07:20- 
4:07:30 11 -3 0 13 0 0.008 0 no yes yes 1.03 
4:14:20- 
4:14:30 11 -3.5 0 0 13.106 0.825 0.156 yes yes yes 0.4 
4:19:40- 
4:19:50 11 -3.5 0 17 0 0.023 0.129 no no yes 1.42 
4:32:10- 
4:32:20 11 -8 0 32 0 0.426 1.913 yes yes yes 2.43 
5:05:10- 
5:05:20 15 -4 0 24 0 0 0 no no no 2.19 
5:05:50- 
5:06:00 15 -4 0 16 0 0 0 no no no 2.32 
5:06:50- 
5:07:00 15 -3.5 0 14 0 0 0 no no no 1.23 
5:10:30- 
5:10:40 15 -5 20.05 31 20.05 0.015 0 no yes no 1.59 
5:12:10- 
5:12:20 15 -4.5 0 30 0 0 0 no no no 2.26 
5:15:10- 
5:15:20 15 -4.75 0 17 0 0 0 no yes no 4.28 
5:17:10- 
5:17:20 15 -4.5 0 34 0 0 0 no no no 3.67 
5:21:20- 
5:21:30 15 -4.5 0 25 0 0 0 no yes no 1.58 
5:22:20- 
5:22:30 15 -4 0 0 0 0 0 no no yes 0.9 
 
 Table 3. Cloud passes labeled negative for rime splintering.
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 The cloud structure, including the updraft and downdraft structure, is vitally important to 
splinter formation because it can affect the time that graupel spends in the cloud, the movement 
of supercooled liquid water, and the ability for these two quantities to interact.  Each 10-second 
cloud pass samples a straight line 1.3-1.4 kilometers in length, based on airspeeds between 130 
and 140 ms-1. Single-updraft clouds tended to be slightly smaller than this and were typically a 
kilometer in width.  Clouds with multiple updrafts were wider, typically around 3-4 kilometers. 
Regardless of cloud width, almost all of the cases sampled showed cumuli that were 
approximately 1-1.5 kilometers deep, with the deeper clouds occurring during research flight 11.  
While there is wide variability in the structure of the updrafts, strong updrafts tended to be 
approximately 500 meters wide based on radar.  There is no clear relationship between 
maximum updraft speed (Fig. 16) at cloud pass height and the presence of graupel.  This is 
unsurprising, given that the strongest updrafts would typically be found below cloud top.   
 
 
Figure 16. Frequency of maximum updraft speed in cases with graupel. Updraft speeds 
are indicative of updraft speed at sampling level, not the maximum updraft speed of the entire 
cloud.  
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Ice number concentrations from both the 2DC and the PHIPS probes were vital to 
determining the presence of both graupel and ice splinters.  Cases without rime splintering had 
much less ice present, causing a peak for negative cases toward the smaller end of the 
concentration distribution in Figure 17 and 18.  This was also true for the marginal cases, to a 
lesser extent.  Positive cases are more likely to have high ice concentrations regardless of the 
probe (and therefore the size range measured).  
  
Figure 17. Ten-second averages of  2DC ice number concentrations, divided into bin 
widths of 5 L-1. First set of bins signifies 0 L-1.  
41 
 
 
Figure 18.  Ten-second averages of  PHIPS ice number concentrations with bin width of 
10 L-1. First set of bins signifies 0 L-1. 
 
It can also be useful to compare maximum values to the average values for a cloud pass.  
In Figure 19, the frequency of ice number concentrations over the 10-second averaging periods 
for each cloud pass measurement are compared to the maximum values over the same 10-second 
intervals.  While the maximum values are shifted toward higher values, few changes are seen in 
the shape of the distribution.   
42 
 
 
Figure 19.  As in Fig. 16, except plotting ten-second averages and maxima of 2DC ice 
number concentration. 
 
3.3.2 General Relationships 
Seeking relationships between some of the variables helps to elucidate possible reasons for 
some cases likely including rime splintering, or not. For instance, Figure 20 shows that as clouds 
grow deeper and the temperature at their tops decreases, more cloud droplets have grown by 
condensation to reach diameters greater than 25 micrometers.  The relationship is less clear 
between -3 and -5° C, although it is possible that these values are contaminated with small ice 
particles.  The extremely high CDP values to the right of the graph (70-90 cm-3) are supported by 
high particle counts and roughly Gaussian size distributions during the respective cloud passes. 
Therefore, they are unlikely to be predominantly composed of ice.  Besides the general increase 
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in CDP with decreasing temperature (as a proxy of height for the developing clouds sampled) 
few relationships are found that can explain why rime splintering is occurring in some passes. 
Negative cases appear for low, medium, and high CDP number concentrations of 25 µm and 
larger particles. 
 
Figure 20. Ten-second averaged CDP number concentrations of particles exceeding 25 µm 
diameter versus sampling temperature. 
 
A stronger relationship is seen between the presence of graupel and small ice production.  
Figure 21 illustrates that graupel (blue dots) must be present in all but one case in these cloud 
passes in order to observe ice in the PHIPS data, which includes the smaller ice particles that 
may be splinters.  While cases with graupel do not always produce small ice (40% of the graupel 
cases), only a single case with appreciable PHIPS ice concentrations over 10 L-1 did not have 
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graupel present.  This suggests that rime splintering is occurring in many of the cloud passes 
where graupel was found, though not all.   
 
 
Figure 21.  Ten-second averages of PHIPS total ice number concentration for cases where 
graupel were or were not observed, as labeled. 
 
Figure 22 shows that the positive rime splintering passes are strongly related to a ratio 
between the amount of ice detected by the 2DC and the PHIPS probes.  The marginal cases with 
a greater ratio of small ice (PHIPS) to large ice (2DC) tend to be in developing clouds, while the 
marginal cases with a greater ratio of large ice to small ice tend to be in well-developed, 
precipitating, mature clouds.  In the younger clouds the rime splintering process may be more 
recent, causing a greater concentration of initial small ice particles.  In the mature clouds, any 
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small ice created through the rime splintering process may have already have fed back into 
producing larger ice crystals (e.g. freezing of raindrops upon collision, or riming to make 
graupel), in which case the small ice has been transformed to larger particles.  The cases with an 
active rime splintering process seem to fall in between these extremes and have a correlation 
coefficient of 0.972.  The ratio of 2DC ice concentration to total PHIPS ice concentration could 
be useful in determining the presence of rime splintering, but seems to be dependent on the 
timing of sampling relative to the generation of splinters within the cloud.  As seen in Figure 23, 
this relationship still holds true when the 10-second maximum 2DC concentration is used instead 
of the 10-second average concentration, although additional spread is introduced in the marginal 
cases that diverges these values away from the trend seen in the positive cases.   
 
 
Figure 22. Total 10-second average ice number concentrations for the 2DC versus PHIPS 
probes. 
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Figure 23. PHIPS 10-second average ice and 2DC 10-second maximum ice concentrations 
 
3.3.3 Negative Cases 
The negative cases for rime splintering are of particular interest, since they may help to 
constrain the environmental and cloud conditions necessary for successful rime splintering in 
these clouds.  A number of factors appear important for rime splintering, including the updraft 
structure, the area of the cloud sampled, and the timing of the sampling. Conditions that were not 
optimal for rime splintering are explored below, and were also used to guide the modeling 
approach used in Chapter 4.   
In two of the negative cases, it turned out that sampling did not occur deep enough into 
the cloud. In the 4:14:20 cloud pass the plane passed through the top edge of the cloud, and in 
the 5:22:20 cloud pass it would appear that the plane skimmed just above cloud based on the 
forward camera images from the plane in Figure 24. The CDP size distribution for the 4:14:20 
cloud pass shows a size distribution with an upper limit at the 25-micron cutoff, and the 5:22:20 
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cloud pass shows a near-zero droplet concentration.  The low cloud droplet concentrations seen 
in Figure 25, combined with modest updraft speeds below 1 meter per second, show that the 
plane was not sampling the right area within the updraft structure, and was in fact sampling the 
very edge of the cloud where rime splintering would not be expected to take place.   
 
Figure 24.  Forward-camera images taken at 4:14:25 (left) during flight 11 and 5:21:57 
(right) during flight 15.  5:21:57 was when the same cloud sampled in the 5:22:20-5:22:30 
period became visible.   
 
Figure 25.  CDP distribution in the 4:14:20 (left) and 5:22:20 (right) cloud passes 
 
Some of the clouds were too warm and shallow to allow full development of the rime 
splintering process. For example, the cloud pass beginning at 4:02:40 in research flight 11 
occurred at a temperature of -3.5 °C.  While occasional graupel images do appear in the 2DC 
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data, there was very little ice present in general.  The ice number concentration measured by the 
2DC was 0.062 L-1, while the drop concentration for the same instrument was 0.179 L-1.  Both 
values were modest in comparison to other cloud passes. The 4:07:20 and 4:19:40 cloud passes 
showed similar temperatures and ice/droplet concentrations.  Despite the flight path passing very 
close to cloud top in both of these cases, temperatures were still between -3 and -4 °C, and all 
particle number concentrations were low.  While rime splintering can occur at these 
temperatures, it seems that vertical development (and the presence of lower temperatures above 
the flight level) play a role in creating good conditions for rime splintering.  Colder cloud tops 
enable large ice to form above the plane’s flight level, which could then descend to sampling the 
altitude, creating splinters as it fell through the rime splinteirng zone.  It is possible that given 
more time to develop and grow, these clouds may have produced rime splintering as they grew to 
a greater height, but because clouds were only sampled once, this cannot be concluded with any 
confidence from the data alone.  
While the shallow warmer clouds sampled may have had too little time to develop, the coldest 
clouds sampled at -8 to -9 °C showed signs that they may have already experienced rime 
splintering, and had begun to decay. Both the 3:31:20 (Fig. 26) and 4:32:10 (Fig. 27) cloud 
passes show areas of weak downdraft near the sampling region at cloud top, based on aircraft 
measurements and the radar relative velocity.  Downdraft values were lower than those seen in 
the radar images because radial velocity incorporates particle fall speeds into its calculation of 
winds for vertically pointing radars.  No ice was measured by the PHIPS probe in these cloud 
passes, despite the 2DC registering ice within the part of the size distribution that overlaps 
between the two instruments.  However, liquid drops were measured by the PHIPS, so 
instrument malfunction is not suspected but instead may result from a small localized difference 
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between the air sampled by the two instruments.  Importantly, no small ice particles with a 
diameter of less than 50 µm were noted by the PHIPS probe.  Combined with the collapsing 
cloud top structure suggested by the radar and aircraft measurements, it seems likely that these 
clouds had already created rime splinters that had grown past the PHIPS size cutoff (700 µm) 
within the cloud top region of high supercooled liquid water content.  Drop number 
concentrations from the 2DC probe measured between 1.7 L-1 and 2 L-1, which were the highest 
values seen in a cloud pass that tested negative for rime splintering.  As with the cases that were 
too shallow and warm, the timing of aircraft sampling appears to be vital to capturing direct 
evidence of the rime splintering process.   
 
Figure 26.  The 3:31:20 cloud pass HCR reflectivity (top panel) and relative velocity (2nd 
panel).  
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Figure 27.  Cloud pass showing the sampling period starting at 4:32:10 and ending 
during the gap (white space) in radar coverage, with HCR reflectivity (top panel) and relative 
velocity (2nd panel). 
 
Other “negative” rime splintering cloud passes show evidence of a lack of updraft 
structure development.  While all of the passes that were positive for rime splintering had more 
than one distinguishable updraft structure present in the observed radial velocity, this structure 
was lacking in many of the negative cases, such as the 5:10:30 case from research flight 15 
shown in Figure 28.  In the case of strong single updrafts such as in the 3:22:10 cloud pass (Fig. 
29), some precipitation was noted in the extension of the radar echo to the sea surface, but 
despite the growth of precipitation size particles evidence was lacking for the rime splintering 
process.  In the 3:22:10 case, as well as several others, this was due to a lack of ice small enough 
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to be detected by the PHIPS probe, which would be representative of ice that is used here to 
indicate possible rime splintering.  While some of the strongest updrafts may be able to produce 
precipitation size particles and even allow them to become rimed within areas of very high 
supercooled liquid water content, by the time graupel is produced and becomes sufficiently large, 
it is already falling out of the cloud.  Without multiple updrafts to recirculate this graupel 
through the cloud, its rime splintering effect may be too limited to produce large number 
concentrations of small ice.  Further testing of this hypothesis will be required during the 
modeling component of the project in order to confirm that this is the mechanism through which 
rime splintering is suppressed in single-updraft Southern Ocean cumuli that otherwise appear to 
meet all the criteria for rime splintering.   
 
Figure 28.  As in Fig. 26, except from the 5:10:30 cloud pass during research flight 15.   
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Figure 29. As in Fig. 26, except for the 3:22:10 cloud pass.  Radial velocities were 
heavily influenced by particle fall speeds- aircraft-measured vertical velocity values ranged 
between 0 and 5 m/s at the flight altitude (black line).   
 
 
3.3.4 Hypotheses Requiring Testing with Numerical Modeling 
Summarizing the findings from the observational analysis, it appears that: 
• INP measurements were much lower than ice crystal number concentrations, 
suggesting that a secondary ice process must be active. 
• 9 out of 34 cloud passes were positive for rime splintering, and an additional 7 
cloud passes showed marginal evidence for rime splintering. The presence of 
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multiple updrafts within the cloud is beneficial to development of rime 
splintering. 
• Because measurements of large and small ice particles were highly correlated, 
rime splintering is a likely candidate for the high ice number concentrations.  
 
In each of the cloud passes reviewed, rime splintering (or the lack thereof) seems to be 
heavily dependent on the timing and positioning of the aircraft sampling relative to the cloud 
development.  These issues can be combatted with the addition of a modeling component, which 
represents the entire cloud instead of providing a brief, limited snapshot of Southern Ocean 
cumuli. Modeling also allows for analysis of the cloud evolution, and is invaluable to testing the 
viability of any theories relating to cloud development.  Further chapters will explore the setup 
and results of a modeling study that will help to give credence to some of the claims above in 
regards to the timing of the rime splintering process and its occurrence within the three-
dimensional structure of the cloud.   
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CHAPTER 4: MODEL DESCRIPTION, INITIALIZATION, AND EXPERIMENTAL 
SETUP 
 
Model simulations can fill data gaps between measured quantities derived from field 
campaign data and our knowledge of the processes acting on Southern Ocean clouds.  Field data 
supply the initial conditions, as well as some limited information on the dynamical, 
microphysical, and thermodynamic evolution of the clouds; the model provides a framework for 
quantifying the influence of these dynamical, microphysical, and thermodynamic drivers.  The 
model also allows hypothesis testing through the ability to include/exclude/change various 
parameters or processes, and the results can then be compared with observational trends.  The 
model also provides much more spatial and temporal detail in the cloud evolution, which is 
particularly important to this study because subsequent sampling of the same clouds was avoided 
to prevent APIPs. Thus, the observations lack a time history that modeling can create, within 
limits. 
Several criteria were required for the model selected for this investigation.  It must be 
capable of resolving extremely shallow cumulus clouds in fine detail, in order to capture the 
internal cloud motions that can influence hydrometeor formation and transport and thus the rime 
splintering process within Southern Ocean cumuli.  It must also have a proper representation of 
turbulent eddies that can entrain dry air at the cloud edge and bring hydrometeors from different 
regions of the cloud into contact with one another.  Because the model will be used to study 
single cumuli in detail, an idealized modeling approach is superior to larger-scale models 
initialized with larger-scale weather data that would have to be nested down to very small scales, 
at great computational expense. 
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4.1 Cloud Model 1 (CM1) 
George Bryan’s Cloud Model 1 [CM1; Bryan & Fritsch (2002)] was chosen for this 
project because of its demonstrated ability to represent convective clouds at high resolution.  
CM1 is a three-dimensional, non-hydrostatic model which uses non-dimensional pressure (π) as 
the vertical coordinate.  It evaluates the governing equations for the three Cartesian velocity 
components, pressure, potential temperature, and mixing ratios of water vapor and hydrometeors 
(u, v, w, π’, q’,and qc, respectively) with a variable time step to accommodate acoustic waves.  
CM1 preserves mass and energy terms that are often neglected in other models, increasing its 
accuracy. CM1 is used here as a Large Eddy Simulating (LES) model, explicitly simulating 
larger turbulent eddies and representing sub-grid scale turbulence with the TKE scheme 
according to the formulation of Deardorff (1980).  Its application has typically focused on 
simulation of deep convection (e.g. Bryan et al., 2006; Orf et al., 2012; Markowski et al., 2014; 
Marion & Trapp, 2019;  Shi et al., 2019).  However, additional studies have used CM1 to model 
the marine boundary layer (e.g. Shi et al., 2018; Worsnop et al., 2017), orographic flow (e.g. 
Doyle et al., 2011; Rotunno & Bryan, 2018), hurricanes (e.g. Cai & Tang, 2019; Duran & 
Molinari, 2019), gravity waves (e.g. Bryan & Rotunno, 2008, 2014), and shallower convection 
(e.g. Ruppert, 2016; Moser & Lasher-Trapp, 2018; Lasher-Trapp et al., 2018).  Thus, the scales 
of interest for simulating the Southern Ocean cumuli have been well represented using CM1.  
This project uses CM1 version 19.6.   
The model used for this study must also include a microphysical scheme that represents 
the formation and depletion of cloud water, rain, cloud ice, snow, and graupel.  The rime 
splintering process must also be represented in some parameterized form, because rime 
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splintering occurs on an individual hydrometeor scale which cannot be resolved within a cloud 
model.  The number of ice-nucleating particles measured over the Southern Ocean is unique to 
that region and affects initial ice production, so the ability to change this number within the 
scheme was also highly desirable.   
CM1 includes multiple microphysical scheme options, but the NSSL scheme (Mansell et 
al., 2010) best meets these criteria, and is used for all simulations reported within this work.  It is 
a double-moment scheme, capable of tracking statistics on both the number and mass of particles 
within each hydrometeor class, which allows for more accurate initiation of various 
microphysical processes, and hydrometeor sedimentation.  The NSSL scheme traditionally has 
six hydrometeor classes (cloud water, cloud ice, rain, snow, graupel, and hail), but here the 
option to omit the hail category is used.  The NSSL scheme explicitly predicts supersaturation 
and graupel density, and is easy to manipulate through the use of switches that can be turned on 
and off in the code.  Built-in options for representing ice-nucleating particles include: the Meyers 
parameterization (Meyers et al., 1992), the Thompson formulation of the Cooper 
parameterization (Cooper, 1986; Thompson, 2004) , and the Phillips parameterization (Phillips et 
al., 2008).  The Meyers parameterization depends on supersaturation, and follows the equation  
 
Ni = 0.001 exp [-0.639+0.1296 si]                                   (1) 
 
where si is the supersaturation with respect to ice.  Meyers INP are only activated at temperatures 
below -5 °C.  The Meyers INP parameterization is based on measurements from a single 
continental location, and thus likely overestimates INP for the maritime air of the Southern 
Ocean.  Additional options added for this project are described in section 4.3.  The NSSL scheme 
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includes secondary ice production by rime splintering (second formulation of Cotton et al., 
1986), where one splinter is created per 250 drops accreted onto a rimed particle within the 
Hallet-Mossop temperature range.  Based on their calculations of splinter production, 30 
splinters are produced per mg of rimed liquid.  Immersion freezing of raindrops and/or cloud 
droplets (Bigg, 1953), is also operative by default in the NSSL scheme.  Bigg freezing of drops 
occurs above the threshold temperature at which water can spontaneously freeze, and depends on 
the assumption that larger drops or droplets will be more likely to contain INP that can then be 
activated after the drop has formed.  This parameterization is based on experimental evidence 
that showed drop freezing at temperatures between -6 °C and -20 °C (Bigg, 1953; Findeisen & 
Schulz, 1950).   
All numerical simulations using CM1 were run on the National Science Foundation 
(NSF)/National Center for Atmospheric Research (NCAR)’s Cheyenne supercomputer. 
Cheyenne became available for use within the scientific community in 2017, and consists of 
145,152 processor cores with 313 TB of memory.   
 
4.2  Additions to CM1 for This Study 
 A cloud initiation scheme not available in the standard release of CM1 was added by 
Prof. Lasher-Trapp, in order to initiate a cumulus updraft without the presence of any heat 
perturbation.  This initiation scheme (shared by J. Straka, personal communication, 2013) adds a 
sphere of enhanced vertical air acceleration. The magnitude, size and location of the sphere can 
be set by the user in an external file that is read in at the model start. The enhanced vertical 
acceleration creates a compensating convergence field around it. The resulting area of ascent 
becomes the initial updraft.  Unlike other convergence forcing schemes in CM1 (e.g. Loftus et al. 
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2008), the forcing of the new scheme is time-dependent, and consists of a ramp-up time during 
which the vertical acceleration is increased using a scaling term, a sustained period of forcing, 
and then a ramp-down time during which the vertical acceleration wanes.  The forcing is a 
maximum at the center of the prescribed sphere, and decreases toward its edge according to a 
squared cosine function.  This cloud initiation scheme allows for the production of multiple 
updrafts at different user-specified locations, strengths, and initiation times. 
 
4.3 Additions to the NSSL Scheme  
The Fletcher ice-nucleation particle scheme (Fletcher 1962) was added to the NSSL 
scheme by Prof. Lasher-Trapp.  This ice-nucleation scheme is dependent on temperature, and 
starts to initiate ice once the cloud temperature decreases to -3 °C, and assumes that greater 
numbers of INP will become active at lower temperatures.  The Fletcher “curve” follows the 
equation 
 
Ni = N0 exp[β(T0 – T)]                               (2) 
 
where T0 = 273.15 °C, N0 = 10-2 m-3 and β = 0.6 (Fletcher, 1962).  A modification of the Fletcher 
curve was made for this study, based upon the INP data collected on exposed filters on the 
aircraft, provided by the Colorado State University group (P. DeMott, personal communication, 
2018). As shown in Fig. 30, a line fitted to these data has the parameters:  T0 = 273.15 °C, N0 = 2 
x 10-7 m-3 and β = 0.8776.  The line fit allowed the relationship between temperature and 
observed INP to be extended to the higher temperatures of the sampled cloud passes.  Ice was not 
permitted to nucleate at temperatures greater than -3°C, however. 
59 
 
 
Figure 30.  Ice nucleating particle curve fit.  The fit corresponds with an N0 of 2 x 10-7 m-3 and a 
β value of 0.8776.   
 
 4.4 Default Experimental Setup 
The model domain is 11 km wide in each of the horizontal directions, and 4.1 km tall 
with a constant horizontal and vertical grid spacing of 50 m.  The time step used was 0.5 
seconds. The environmental atmospheric profile in the model is based on an actual dropsonde 
released in the cumulus region immediately before the start of aircraft sampling at 0302 UTC on 
February 17th, 2018 (research flight 11) during the SOCRATES campaign (Fig. 2).  A lapse rate 
similar to the dry adiabatic lapse rate was observed in the lowest kilometer of the sounding.  This 
lapse rate was adjusted to exactly follow the dry adiabat, in order to prevent spurious instabilities 
created by small pockets of slightly super-adiabatic temperatures in the profile, which were 
within the error of the temperature sensor.  Winds from the profile were excluded from the 
modeling setup due to their high speeds (Fig. 2), as expected for the Southern Ocean, which 
would require much larger computational domains to simulate the clouds.  As seen in Fig. 2, 
directional and speed shear over the heights of interest (up to 4 km, or approximately the 650 mb 
level) was minimal, and thus the neglect of the environmental winds should not affect the realism 
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of the simulated cloud structure. In addition, initiating multiple thermals for this study (discussed 
in Section 4.5) is made much easier with a stationary cloud.     
The NSSL scheme includes a user-input value of cloud condensation nuclei (CCN).  For 
this study, this number was set to 150 cm-3,  to recreate the observed number concentration of 
cloud droplets at cloud base, which ranged between 100 cm-3 and 200 cm-3. These measured 
values were typical of those reported in the literature (e.g. Boers et al., 1998).   The Southern 
Ocean may have CCN concentrations as low as 50 cm-3 during the winter (Ayers & Gras, 1991), 
but during the summer enhanced biological activity contributes to higher CCN concentrations 
(Charlson et al., 1987).  
 Many of the model parameters used in the simulations are presented in Table 4.   
 
Table 4. CM1 Model Configuration 
Attribute Namelist Variable Value 
Run time run_time Variable, see table 5 
Time step dtl 0.5 seconds 
Horizontal and vertical grid 
spacing 
dx, dy, dz 50 m 
Domain nx, ny, nz 10.8 x 10.8 x 4.1 km 
Grid design  - Arakawa C-grid 
Subgrid turbulence sgsmodel TKE scheme 
radiation radopt none 
Random theta 
perturbations 
irandp on; default value of 0.25 K 
Horizontal boundary 
conditions 
wbc, ebc, sbc, nbc Open-radiative 
Vertical boundary 
conditions 
bbc, tbc Free slip 
Rayleigh dampening zone zd 3500 m 
Microphysics scheme ptype NSSL 2-moment scheme 
with graupel and no hail 
Graupel shape parameter alphah 0 
Cloud condensation nuclei ccn 150 cm-3 
Initialization iinit Straka scheme (section 4.2) 
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4.5 Updraft Specification in the Simulations 
 The initial, and simplest, representation of the sampled cumuli included a single updraft 
forcing, placed in the center of the domain (4800 m east and 4800 m north) that reached a 
maximum strength of 0.5 m s-2.  The vertical center of the sphere was placed 200m above the 
surface, and the vertical radius was also 200m, so that the bottom of the sphere was touching the 
surface at the start of the simulation.  The width of the sphere was 1 km, similar to the width of 
updrafts observed (see Section 3.3.1). The simulation was 30 minutes long.   
 The first multiple updraft simulation consisted of six updrafts of equal forcing strength, 
spaced 900 s (15 mins) apart.  The maximum strength of the vertical velocity acceleration was 
again 0.5 m s-2 for each sphere of acceleration that was forced.  Subsequent forcings were placed 
on the northwest edge of the original cloud turret created by the first forcing (i.e., 550 m west 
and 200 m north of the previous center of the updraft) to attempt to reingest any hydrometeors 
that might have been lofted to the edge of the cloud by the previous thermal circulation, such as 
snow or ice.  Due to the time lag between updrafts, the production of subsequent updrafts was 
often offset by the presence of a strong downdraft from the previous cloud turret.  This created 
destructive interference between the old downdraft and the new updraft.   
 Additional simulations were run by varying forcing strengths for each updraft, in an 
attempt to offset destructive interference between updrafts and their successors.  Two versions 
with seven subsequent updrafts forced 900 s apart were used.  The specifications for the different 
forced updrafts in all simulations discussed here are summarized in Table 5.  All other conditions 
were held the same unless otherwise specified.  Other combinations were tried in other 
experimentation, but did not yield useful results or insight. 
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Table 5. Forcing Progressions for Single or Multiple Updrafts of Varying Strengths 
Simulation 
Name 
Maximum Vertical Velocity Acceleration (m s-2) Run 
Time 
 Sphere 
1 
 
Sphere 
2 
Sphere 
3 
Sphere 
4 
Sphere 
5 
Sphere 
6 
Sphere 
7 
 
“Base 
Run” 
0.5 - - - - - - 1800 s 
“Multiple 
Equal” 
0.5 0.5 0.5 0.5 0.5 0.5 - 6300 s 
“Ramp 
Up” 
0.5  1.0 1.5 2.0 1.0 0.5 0.5  7200 s 
“Ramp 
Down” 
0.5  2.0 1.5 1.25 1.0 0.75 0.5  7200 s 
The center of sphere 1 was consistently placed at (4800 m, 4800 m), with spheres 2-7 placed at 
(4250 m, 5000 m).  All spheres had a width of 1 km and were begun 900s from the start of the 
previous forcing, with the initial forcing starting at time 0.  
 
 
 
 4.6 Sensitivity Tests 
Sensitivity tests were used to study the influence of various ice processes upon the 
results.  Different factors or processes in the NSSL scheme were altered to isolate their effects, 
and are summarized in Table 6. 
The first set of runs investigate the influence of the collision efficiency between cloud ice 
and rain.  When cloud ice and rain collide in the NSSL scheme, the model designates the 
resulting hydrometeor as graupel, which can provide an important source of graupel for the rime 
splintering process.  The model default collision efficiency was set to 0.1.  However, the 
laboratory results of Lew and Pruppacher (1983) showed that collision efficiencies for 15 µm 
crystals and a 416 µm drop ranged between 0.25 and 0.78 at a temperature of -6 °C.  The lower 
portion of the range was composed of crystals with a greater ratio of length to diameter.  Thus, a 
collision efficiency of 0.5 may be more appropriate for the temperature range and size of ice 
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particles that would be initially produced by rime splintering.  All simulations listed in Table 1 
were rerun with this change.  
 Some additional runs were also completed with different INP relationships, to understand 
their control upon rime splintering and the final amount of ice particles produced, and in 
particular to understand the influence of the low measured INP concentrations during 
SOCRATES.  Some simulations (Table 5) were rerun with either the Fletcher or Meyers 
relationships for INP, instead of the SOCRATES INP fit.   
 Finally, the “Ramp Up” simulations for runs with different INP were redone with rime 
splintering turned off, or with immersion freezing of rain and cloud drops (Bigg, 1953) turned 
off, and then with both processes turned off.  These tests allow an evaluation of the contribution 
of each process to the overall ice number concentration produced in the model. 
 
 
 
 
 
 
 
 
 
 
 
 
64 
 
Table 6. Sensitivity Test Simulations 
Simulation 
Name 
Rain/Ice 
Collision 
Efficiency 
INP Hallet-Mossop Bigg Freezing 
Original 
“Ramp Up” 
0.1 SOCRATES 
Data 
on on 
“Ramp Up 
Collision” 
0.5 SOCRATES 
Data 
on on 
Original 
“Ramp Down” 
0.1 SOCRATES 
Data 
on on 
“Ramp Down 
Collision” 
0.5 SOCRATES 
Data 
on on 
“Ramp Up 
Meyers” 
0.5 Meyers on on 
“Ramp Up 
Fletcher” 
0.5 Fletcher on on 
“Meyers HM” 0.5 Meyers off on 
“Meyers Bigg” 0.5 Meyers on off 
“Meyers Both” 0.5 Meyers off off 
“Fletcher HM” 0.5 Fletcher off on 
“Fletcher 
Bigg” 
0.5 Fletcher on off 
“Fletcher 
Both” 
0.5 Fletcher off off 
“SOCRATES 
HM” 
0.5 SOCRATES 
Data 
off on 
“SOCRATES 
Bigg” 
0.5 SOCRATES 
Data 
on off 
“SOCRATES 
Both” 
0.5 SOCRATES 
Data 
off off 
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CHAPTER 5: ANALYSIS OF MODELING RESULTS 
 
5.1. Base Simulation 
Sensitivity tests (Table 5) were conducted to analyze differences in the ice concentrations 
produced with a variety of updraft forcing progressions.  The original case of a single updraft, 
called the “Base Run” simulation, did not produce appreciable ice concentrations (less than 3 x 
10-4 L-1, Fig. 31) , despite producing a maximum updraft speed of 11 m s-1 (Fig. 32a) that was 
slightly stronger than the updrafts observed within positive rime splintering cases from the field 
campaign.  The Base Run cloud had a short lifetime of approximately 15 minutes, and consisted 
of a single turret collocated with the center of the prescribed forcing.  Cloud base (Fig. 32b) was 
at a height of approximately 900 m and remained at that level throughout the simulation, 
consistent with measurements during Research Flights 11 and 15. The maximum cloud top 
height was also consistent with the tallest turrets of Research Flight 11, at approximately 2.5 km.  
Despite these similarities, the simulated maximum ice number concentrations were 6 to 7 orders 
of magnitude lower than those measured during Research Flight 11, which ranged between 10 
and 100 L-1.   
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 Figure 31. Frozen hydrometeor number concentrations for the “Base Run” simulation.  
Note different units for graupel.  
 
a) b)  
Figure 32. a) Updraft strength in the “Base Run” simulation (green line is maximum 
downdraft velocity, red line is maximum updraft velocity).  b) Cloud top height and cloud base 
height for the “Base Run” simulation. 
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5.2. Multiple Updraft Simulations 
Subsequent tests employed different sets of updraft forcings in order to understand why 
the multiple updraft cumuli observed on Flight 11 tended to have higher ice number 
concentrations.  It was hypothesized that multiple updrafts, located spatially and temporally at 
favorable conditions, might enhance the recycling of graupel through a sequence of fresh 
updrafts with higher liquid water content values, enhancing rime splintering.  The first test with 
multiple updrafts, here referred to as the “Multiple Equal” run (Table 5), was very similar to the 
“Base Run” simulation, but with the forcing repeated every 900 s for the creation of six updrafts 
(Fig. 33a).  The maximum updraft strengths, maximum cloud top heights, and minimum cloud 
base heights were very similar to the base simulation.  While the cloud never fully dissipated 
between forcings and the cloud base remained steady, cloud top heights cycled with updraft 
strength (Fig. 33b), coincident with the forcings. Peaks in the cloud top height are hereafter 
referred to as “turrets”.  The expected ice splinter recycling occurred to a limited degree, because 
snow was created within the third cloud turret as shown in Figure 34, and the ice concentration 
gradually rose to twice the maximum cloud ice number concentration from the base run at the 
time of maximum updraft speed in the first three cloud turrets.  However, graupel number 
concentrations did not rise significantly from the values seen in the base run, and this lack of 
graupel enhancement prevented acceleration of the rime splintering process.  
68 
 
a) b)  
Figure 33. a) Updraft strength in the “Multiple Equal” simulation (green line is 
maximum downdraft velocity, red line is maximum updraft velocity).  b) Cloud top height and 
cloud base height for the “Multiple Equal” simulation. 
 
 
 Figure 34. Frozen hydrometeor number concentrations for the “Multiple Equal” 
simulation.  Note different units for graupel.  
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However, after the third cloud turret, the overall ice hydrometeor concentrations displayed the 
same cyclical pattern as the updraft speed and cloud top height, instead of showing an increase in 
number concentrations with the introduction of additional new cloud turrets.  Analysis of the 
position of the snow and ice at these times indicated that they were laterally advected far outside 
of the cloud boundary, preventing their introduction into later turrets.  Maximum cloud ice 
number concentrations in turret 3 were double that of the base simulation (6 x 10-4 L-1), but still 
did not approach the values seen in the field campaign data.  
Attempts to increase graupel recycling through multiple turrets by increasing their 
temporal frequency (e.g. 200, 300, 450, or 600 seconds apart) were unsuccessful due to 
“destructive interference” between the downdraft of the previous collapsing cloud turret and the 
updraft of the next turret.  This result motivated the subsequent testing of updrafts of varying 
strength, although if their temporal frequency was less than 900 seconds apart, destructive 
interference again occurred.  Varying the strength of the forcing of updrafts at the original 
temporal spacing of 900 s gave different results.   
 
5.3. Variable Updraft Strength Simulations 
Two different formulations with forcing strengths and times, labeled the “Ramp Up” and 
“Ramp Down” simulations (Table 5) were employed.  The “Ramp Up” simulation involved a 
relatively slow increase in updraft forcing strength over time, followed by a slightly faster 
decrease back to the original forcing strength, resulting in the similar pattern of maximum 
updraft speeds and cloud top heights seen in Figure 35.  Increasingly stronger forcings helped to 
prevent destructive interference between the previous turret’s collapse and the updraft of the new 
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turret, leading to a maximum updraft speed of approximately 20 m s-1.  They also acted to 
increase the maximum cloud top height, which aided primary nucleation within the colder cloud 
tops.  The coldest of these cloud tops was near -13 °C at the peak cloud top height of 3400 m.  
The increase in primary nucleation increased the initial amount of graupel within the rime 
splintering zone, and raised the maximum ice number concentration to 0.8 L-1, an increase by 
three orders of magnitude from the single updraft Base Run, and substantially closer to 
measurements from the field campaign (10 to 100 L-1).  The peak in graupel number 
concentrations at the time of the collapse of the fifth turret (Fig. 36) was concurrent with the 
peak in ice number concentration and reached a maximum of 2.8 x 10-2 L-1, which was closely 
followed by the peak in snow number concentration, likely due to aggregation of the newly 
created ice splinters (Figure 38).   
 
a) b)  
Figure 35.  As in Fig. 33, except for the “Ramp Up” simulation. 
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 Figure 36.  As in Fig. 34, except for the “Ramp Up” simulation. 
 
The highest of the maximum updraft speeds (~20 m s-1) and cloud top heights (~3.5 km) 
were much higher than the values observed during the campaign (4.28 m s-1 and 2.25 km, 
respectively), but given radar limitations on cloud top height determination, and the lack of 
temporal data continuity, these values cannot be conclusively ruled out as improbable based on 
the field campaign measurements alone.  It is entirely possible that higher cloud top heights were 
reached before the time of sampling, and that stronger updrafts may have been present within 
any taller cloud turrets.  Because the radar was only unidirectional, it was often pointed 
downward while sampling near cloud top heights, leaving some ambiguity in their determination.  
Himawari satellite-derived cloud top heights mapped for the hours leading up to the start of 
sampling, as well as for the first two hours of sampling (Fig. 37) show values between 3 and 4 
km were present within small clusters right before and during sampling, suggesting that these 
simulated cloud top heights are not unreasonable.   
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a)               b)     c)            d)            e) 
Figure 37. Himawari satellite images of cloud top height (in km) from Feb. 17, 2018 
(Panels a-d) and the flight track (panel e).   
 
The “Ramp Down” simulation started at the same forcing strength as the previous 
simulation, but then quickly jumped to the maximum forcing strength, and subsequent forcings 
tapered back to the original forcing strength, but slowly (Table 5).  The changes in forcing 
strength are mirrored in the plots of updraft strength and cloud top height shown in Figure 38.  
The maximum cloud top heights (~3.2 km) in the “Ramp Down” simulation were slightly lower 
than in the “Ramp Up” simulation, but 3 turrets ascended above 3 km (and below -11 °C), as 
opposed to only 2 turrets in the “Ramp Up” simulation.  This maximized the time that the cloud 
spent with its upper regions at temperatures supportive of primary nucleation, which led to an 
increase in the time spent with appreciable ice number concentrations (Figure 39).  However, the 
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maximum cloud ice number concentrations occurred between 4000 and 5000 s, when cloud top 
heights were within the rime splintering temperature zone.  The maximum graupel concentration 
created in the “Ramp Down” simulation was less than half that of the “Ramp Up” simulation 
(1.1 x 10-2 L-1), which decreased the effectiveness of the rime splintering process, given a lack of 
graupel onto which large droplets could rime.  As a result, maximum ice number concentrations 
peaked at 0.2 L-1.   
 
a) b)  
Figure 38.  As in Fig. 35, except for the “Ramp Down” simulation. 
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 Figure 39. As in Fig. 36, except for the “Ramp Down” simulation.   
 
5.4. Enhanced Collision Efficiency Simulations 
The “Ramp Up” and “Ramp Down” simulations were repeated with changes to the 
collision efficiency of rain and cloud ice, that create graupel particles as outlined in Section 4.6.  
These model runs are labeled “Ramp Up Collision” and “Ramp Down Collision” in Table 6.   No 
obvious change was produced in the updraft strengths or maximum cloud top heights, but in both 
simulations, graupel and ice maximum number concentrations increased by approximately 2 
orders of magnitude, yielding a maximum cloud ice number concentration of approximately 40 
L-1 in the “Ramp Up Collision” simulation (Fig. 40).  This number concentration is within the 
range of ice number concentrations observed in SOCRATES cumuli with active rime splintering.  
No major changes were noted in the timing of graupel or cloud ice production (Fig. 41), although 
there was a decrease in the relative change in graupel number concentration later in the “Ramp 
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Down” simulation’s peak ice production time period.  This may be due to the more active initial 
graupel creation depleting some of the rain earlier that wasn’t available to create graupel later.  
 
 
Figure 40. As in Fig. 36, except for the “Ramp Up Collision” simulation. 
 
Figure 41. As in Fig. 36, except for the “Ramp Down Collision” simulation. 
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5.5 Further Exploration of the “Ramp Up Collision” Simulation 
Given the higher ice number concentrations yielded in the “Ramp Up Collision” 
simulation, subsequent variations of this simulation were used to explore the causes and effects 
of various factors.  First, the INP concentration was altered to understand the effects of the very 
few INP observed in the SOCRATES region, by increasing their values to be equivalent to the 
classical Fletcher curve or the Meyers et al. (1992) parameterization (Table 6), an increase of 3 
or 6 orders of magnitude, respectively.  Despite these increases in primary nucleation, maximum 
ice number concentrations were not substantially different than for the Ramp Up Collision 
simulation, yielding a maximum of 60 L-1 (Fig. 42) and 50 L-1 (Fig. 43, an increase of only 25% 
over the Ramp Up Collision simulation), respectively.  Curiously, the Fletcher INP were 3 to 4 
orders of magnitude fewer than the Meyers simulation, but produced slightly more ice than the 
Meyers simulation, making a simple linear relationship between the number of INP and the 
resultant ice number concentration impossible.   
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Figure 42. As in Fig. 36, except for the “Ramp Up Fletcher” simulation. 
 
Figure 43. As in Fig. 36, except for the “Ramp Up Meyers” simulation. 
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Additional simulations were performed to diagnose the most important processes in 
creating the maxima in ice number concentration.  The characteristics of these simulations are 
given in rows 7-15 of Table 6.  The first set of simulations were done with the SOCRATES INP 
concentrations. Either Bigg Freezing, rime splintering, or both processes were turned off, in 
order to determine what process was responsible for the most ice production.  Rime splintering 
yielded the greatest increase in cloud ice, increasing maximum cloud ice number concentrations 
in the “Ramp Up Collision” run by about 5 orders of magnitude over the “SOCRATES HM” run 
(Fig. 44).  Bigg freezing made very little difference to maximum ice production in these clouds, 
likely because it required lower cloud temperatures to become very active. When these 
experiments were repeated, but for the Fletcher INP concentrations (Fig. 45), approximately 4 
orders of magnitude separated the runs with rime splintering versus those with it turned off.  The 
experiments were repeated a final time with the Meyers INP concentrations, which include the 
highest INP concentrations for the -5 to -10 °C temperature range.  For the Meyers INP, only 2 
orders of magnitude separated the maximum ice concentrations from the runs including rime 
splintering from those without it (Figure 46). The rime splintering process is therefore less 
important when more INP are available.  The number concentrations of cloud droplets available 
to rime onto graupel shed light onto the reasons for this change in importance.  Fig. 47 shows a 
comparison of the cloud droplet number concentrations for each of the INP options.  For both the 
Fletcher and Meyers simulations there is a pronounced drop in the concentration of cloud 
droplets between 4500 and 5000 s, but this drop is less pronounced for the SOCRATES INP 
simulation.   
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Figure 44.   Ice number concentrations for the original SOCRATES INP “Ramp Up 
Collision” simulation (purple), “SOCRATES HM” (gold), “SOCRATES Bigg” (light blue), and 
“SOCRATES Both” (coral). 
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Figure 45.  As in Figure 44, but with the Fletcher INP fit.  
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Figure 46.As in Figure 44, but with the Meyers INP fit.  
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Figure 47. Comparison of maximum cloud droplet number concentrations for the 
SOCRATES INP-based “Ramp Up Collision” (turquoise), “Ramp Up Fletcher” (purple), and 
“Ramp Up Meyers” (red) simulations.   
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CHAPTER 6: CONCLUSIONS AND DISCUSSION 
 
While the overall motivation of this study is to determine the potential importance of 
rime splintering in Southern Ocean cumuli, there were many preliminary questions to be 
answered first.  The first question addressed was the amount if supercooled liquid water and ice 
in these clouds.  Then, the role of secondary ice production was evaluated.  Finally, the potential 
effect of rime splintering on ice concentrations in Southern Ocean clouds, and the conditions that 
favor this process, were evaluated.  The major conclusions reached through this line of inquiry 
are now summarized, along with limitations of the approaches used here, and topics for future 
work.  
 
6.1 Summary of Findings 
• Thirty-three cloud passes through developing Southern Ocean cumuli during the 
SOCRATES field campaign were analyzed.   Of these, 55% consisted mostly of 
supercooled liquid water (having less than 1 L-1 ice), and the other 45% were mixed-
phase.  None of the cumuli sampled were entirely glaciated, but sampling was limited 
to growing clouds, yielding a bias in that regard. 
• Data from cloud passes within Southern Ocean cumuli were analyzed for evidence of 
rime splintering.  Rime splintering was evident in 9 of the 33 cloud passes, with an 
additional 7 cloud passes being inconclusive . Measured ice number concentrations 
were as large as 100 L-1, while the ice nucleating particle estimates, extrapolated to 
the higher cloud temperatures sampled, were only 10-6 L-1.   
• All cloud passes suggestive of rime splintering had a multiple updraft structure. 
84 
 
• Simulations that did not include rime splintering could not reproduce the high 
observed number concentrations of ice in similar cloud conditions. 
• Simulations including rime splintering created 4 more orders of magnitude of ice 
crystals, but only when certain scenarios of 6 or more successive thermals were 
forced.  The simulations suggest that graupel created in the earlier thermals are 
recycled into later thermals to enhance ice production by rime splintering. 
• The simulations still failed to produce the highest number concentrations of ice 
observed, by 1 order of magnitude.    
 
6.2 Discussion   
The large percentage of shallow cumuli containing mostly (or only) supercooled liquid 
water supports the hypothesis that Southern Ocean clouds can be long-lived by lacking a means 
to produce precipitation, and thus this longevity may at least sometimes be responsible for 
pervasive cumulus fields over the Southern Ocean.  These clouds should reflect shortwave 
radiation well, and their inclusion in climate models may thus be important.   
Given the relatively warm cloud temperatures sampled and the low local INP 
concentrations,  the source of the primary ice that makes secondary ice production possible in the 
first place is of great concern and interest.  Further speculation on how ice develops at such 
warm temperatures would be aided by a greater understanding of the chemical composition of 
the INP, as bacterial INP are more active at warm temperatures.  It is also possible that contact 
freezing inside-out is more active at the cloud top and edges where evaporation is higher, 
especially in such shallow clouds where the cloud surface area has a higher ratio to its volume.   
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It should be noted that in all simulations, the values extrapolated from the measured INP 
concentrations were not sufficient to explain the start of ice nucleation in the model.  A contact 
nucleation parameterization was turned on in the NSSL scheme which was responsible for the 
creation of the very first ice at -3 °C.  Without it, the simulations failed to produce enough ice to 
initiate rime splintering, suggesting that the observations may not be including all of the INP 
active in the Southern Ocean cumuli.   
The most important predictive factor for the presence of rime splintering was the 
presence of a multiple updraft structure within the cumuli, given that other rime splintering 
conditions (temperature, sufficiently large cloud droplets) were met.  These structures were noted 
in the radar data.  Simulations of these successive updrafts consisted of different cloud turrets 
that rose through the cloud, creating a multi-thermal circulation structure in which hydrometeors 
pushed outward and downward near the cloud edge of the previous turret could be recycled into 
the next cloud turret.  Radar velocity data showed clusters of updraft and downdraft couplets 
indicative of these individual turrets.     
Timing between updrafts was very important to the development of each cloud turret in 
the simulations.  Interference occurred between the downdraft of the previous turret and the next 
updraft when they were timed to be less than five minutes apart.  This timing issue limited the 
amount of recycling of ice that could take place in the cloud, because five minutes was typically 
long enough for ice hydrometeors such as graupel to precipitate from the cloud.  However, 
decreasing the time between updrafts in order to increase recycling of graupel into the new 
updraft weakened the new updraft, making it less able to sustain the rime splintering process.  
Updraft placement was also vital to the hydrometeor recycling that fueled the rime splintering 
process.  Positioning subsequent updrafts at the edge of the initial updraft region allowed new 
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updrafts to rise through the regions of highest ice concentrations from the previous updraft, 
enhancing recycling of ice hydrometeors.  
  
6.3 Limitations, and Future Work 
While new information on the possible glaciation of Southern Ocean Cumuli has been 
acquired through this study, including the possible role of rime splintering in Southern Ocean 
clouds, several questions remain.  Some result from the observational limitations (and their 
analysis), while others pertain to uncertainties and limitations of the numerical modeling. 
New methods of detecting the activity of INP at higher temperatures (i.e. smaller 
supercooling) are needed.  The values used in the simulations here, from extrapolation of the INP 
measurements to higher temperatures, is certainly open to question.  The fact that the addition of 
contact nucleation was necessary to produce much ice at all, in any simulation, suggests that the 
measurements are missing an important source of INP, and/or representations of primary ice 
nucleation are inaccurate.  Better measurements would help resolve this issue. 
Improved information on the entire life cycle of these clouds would be invaluable to our 
understanding of the active microphysical and dynamical processes in Southern Ocean cumuli.  
Such sampling requires, for example, a ground-based radar, which was impossible to utilize over 
the middle of the Southern Ocean.  But radars can be deployed on small islands, albeit at 
considerable expense, scanning upwind to minimize the island effects (e.g. the Rain in Cumulus 
over the Ocean field campaign- Rauber et al., 2007). A future data set gathered with a ground-
based radar would help to establish the prevalence and importance of the multiple-thermal 
cumuli, and determine unequivocally the maximum cloud top height (and thus minimum cloud 
top temperature) during its lifetime, for establishing maximum primary ice nucleation values.  
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Airborne sampling during SOCRATES heavily favored developing cumuli, which was the goal 
of the sampling strategy.  However, the pervasive presence of supercooled liquid water at this 
stage may not correspond to the dominant hydrometeor phase of more mature clouds.  Having a 
time history that extended into cloud dissipation would create a complete picture of the 
glaciation process (or lack thereof).   
In addition, this study, like others before it, has been limited by the uncertainty in 
discrimination of liquid versus ice particles with current microphysical probes, an inability of 
current airborne instrumentation to detect the smallest ice particles at the time of their first 
formation (e.g. rime splinters), and remaining questions of possible ice shattering effects on the 
probes.  Given that the discrepancy between INP measurements and detected ice particles is as 
large as 4 to 5 orders of magnitude at times, and that considerable testing has suggested anti-
shattering probe tips and post-processing algorithms are mostly fixing this problem, new 
developments on this latter issue are not anticipated to drastically change the conclusions here, 
however.   
While no major errors were noted among the observational datasets, this analysis has 
been performed on preliminary datasets from the 2DC and PHIPS probes, and may therefore be 
subject to further correction when these datasets are released in their final version.  The radar 
data are also in an intermediate state, along with the INP filter sample concentrations.  Data on 
cloud pass temperature and gust probe-derived updraft speed are considered final. 
While simulations provide one solution to supply possible information between gaps in 
the measurements of the Southern Ocean cumuli, they have their own limitations.  In order to 
study the detailed microphysical processes at high resolution, idealized modeling was required, 
where the clouds must be initiated, timed, and spaced at the user’s choosing.  The observations 
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provided no information to guide this forcing’s strength, timing, or spatial location.  Thus the 
focus of the simulations was to find a possible scenario yielding maximum ice number 
concentrations similar to those observed during the campaign, but its applicability to the real, 
sampled clouds is unknown.  Model parameterizations, especially of microphysical processes 
that occur on a microscopic level, introduce an additional layer of uncertainty:  the initiation of 
ice by primary nucleation is still rather crude in numerical models, and deserves further attention. 
Rime splintering occurs at the level of individual droplets, and must be parameterized in order to 
be represented by grid boxes that are 50 m on each side.  Because rime splintering is not 
explicitly resolved, the locations of maxima or minima may be more diffuse than in reality, and 
its actual start may also be delayed.   These issues suggest the need for testing the conclusions 
made here with simulations conducted at higher resolution, and work using 20 m grid spacing is 
currently underway.  Radiative modeling that could determine the further effects of these ice 
concentrations on the regional radiative balance is left to future researchers.  
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